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ABSTRACT
Meyer, Luke. M.S., Department of Chemistry, Wright State University, 2018. Structure-property
relationships of N-heterocycle functionalized triphenylphosphine oxide based Poly (Arylene
Ether)s.

The synthesis of N-heterocycle functionalized triphenylphosphine oxide based PAEs,

utilizing 3,5 difluorinated diphenyl sulfone systems was achieved. 3’-Iodo 3,5difluorodiphenylsulfone was subjected to copper and palladium catalyzed coupling reactions
with carbazole, phenothiazine, and indole. The syntheses of 3’-(9-carbazole) 3,5difluorodiphenylsulfone, 3’-(9-phenothiazine) 3,5-difluorodiphenylsulfone, and 3’-(9-indole) 3,5difluorodiphenylsulfone were successfully carried out. Copolymers with 4,4’
difluorotriphenylphosphine oxide, as well as 4,4’ dihydroxydiphenyl ether (DPE), as the
nucleophilic partner, were prepared via standard nucleophilic aromatic substitution (NAS)
polycondensataion reactions. Incorporation of the monomers containing N-heterocycle units
was determined by NMR spectroscopy. All polymers displayed sufficient molecular weights (Mn)
to allow for films to be cast from THF solution. Polymers in the series displayed excellent
thermal stability with 5% weight loss temperatures (Td-5%) above 375 ⁰C, under a nitrogen
atmosphere, and relatively high glass transition temperatures (Tg) ranging from 181 ⁰C for the
DPS-PTZ based copolymers to 194 ⁰C for the indole-based copolymer.
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1. Introduction
1.1 Organic Light Emitting Diodes
Organic light emitting diodes (OLEDs) have been rising rapidly as a source of lighting for
a few decades now. OLED technology is desirable in many areas of interest due to their thin,
flexible, and unique properties not displayed in lighting sources thus far. Along with their ability
to produce energetic color displays, an OLED can be turned on and off instantly, dimmed and
even produce a variety of colors. The chemical variability of these lighting sources are another
key advantage to the increasing attention OLED devices have been having compared to light
emitting diodes (LED). Since the first organic electroluminescent device fabricated by EastmanKodak with low operating voltages (10V) and high brightness (1000 cd/m2),1 a widespread
research field has erupted for organic materials and device structure of OLED devices.
Electroluminescence (EL) refers to a process of emitting light through the conversion of
electrical current, a characteristic that many organic molecules demonstrate. Another large
impact on the technology of OLEDs was the devolvement of a phosphorescent emitter by S.
Forrest and M. Baldo in 1998, creating an efficient device for industry on the smaller scale
lighting sources.2

1.2 OLED Structure
An OLED device can typically be broken down into some main layers. These include a
substrate layer, typically glass or other transparent material, which acts as a platform for the
rest of the device to be fabricated. This layer usually is the main contributor of the physical
properties of the devices. The cathode, usually an aluminum or magnesium alloy, injects
electrons into the organic electron transporting layer. Typically the next organic layer is a hole
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transporting layer which helps with injection of holes from the anode to which the electrons
combine. The substrate, commonly indium tin oxide (ITO), acts as the anode for the device and
supplies the electron holes. Multiple organic layers can be put in place to increase device
efficiency and lifetime.

Figure 1. OLED Device Structural Layers

Luminescence of the device occurs as electrical current flows from the anode to the
cathode. The organic material is determined by application of the specific device and can range
from multiple layers in order to obtain white light or a single small molecule emitting layer
designed for a specific single color display. It is also important to note that the anode and
cathode layers must be a very uniform surface thickness to minimize the chance of shortcircuiting the device. The average thicknesses of the organic layers in these devices are on the
scale range of 100-200 nm.3 Encapsulation techniques are key to barricade the device from
water or oxygen which could also end the lifespan of the device. As expressed before, the large
chemical variability of the organic layers and thin, flexible properties, and expected lifetimes
higher than that of light emitting diodes (LED), drive the development of these devices
immensely. One of the main downfalls to LEDs is the incorporation of expensive metals to
achieve the desired light emission, which can be omitted through the application of OLEDs.
2

1.3 Emittance Classification
When an OLED device has charge transfer through it, energy from electrons relaxing
back down to the ground state may be harvested through a variety of processes. The electrons
excited in a molecule occupy either the singlet (S) or triplet (T) state with a ratio of 1:3 according
the spin statistics done in quantum mechanics.4

Figure 2 Classification of photoluminescence

The first way to achieve photoluminescence is through fluorescence. In fluorescent molecules,
the three triplet excitations are unable to be harvested due to the T1→S0 transition being spinforbidden, providing only the singlet excitation. This only allows for 25% of the excitons to be
emitted as a photon or light emission. Phosphorescent molecules on the other hand can harvest
all three of the triplet excitons as photons, providing them with 75% light emission ability. One
downfall of the 75% emitter magnitude is that phosphorescence can only occur when a heavy
metal dopant is present in order to induce a spin-orbit coupling effect.4 Another type of
fluorescent emitter, shown in Figure 2, is based on the triplet-triplet combination process
known as Triplet-Triplet Annihilation (TTA). Here extra singlets are produced from the fusion of
two triplets colliding transitioning them up to the singlet state where they can then fluoresce.
This process happens due to the fact that relaxation of singlets excitations happens on a much
3

quicker time scale than triplets allowing triplets to accumulate. This conversion helps exceed the
typical 25% generation of singlets providing an internal quantum efficiency of ~62.5%.5 The final
and most recent type of emitter is the utilization of thermally activated delayed fluorescence
(TADF). In these emitters the energy level differences between the singlet and triplet states are
very close allowing reverse intersystem crossing (RISC). This small energy difference allows for
the triplet excitations to shift to the singlet state and emit, allowing for nearly 100% internal
quantum efficiency through fluorescence from singlet states.6 This process will be explained
more in section 1.5 as this is a concept applied to the chromophores prepared in this thesis.

1.4 Band Gap and Quantum Efficiency
The energy difference between the highest occupied molecular orbital (HOMO) and the
lowest unoccupied molecular orbital (LUMO) of a molecule is known as the bandgap. This is
simply the energy difference between the ground state and the excited state. As electrons move
back and forth between these two states the bandgap and color of fluorescence are related as
shown in Figure 3. The bandgap is related to the absorption and emission wavelengths, needing
a larger gap to emit blue and a smaller gap for red. This gap distance can be tuned by varying
the structural features of organic molecules to provide a sufficient bandgap for the desired
fluorescent color. It can be observed that blue emission is the most difficult because it requires a
high bandgap and short absorption.

4

Figure 3 HOMO-LUMO energy to color emittance

23

As an example of the energy gap difference, blue emission typically requires an energy
of ~2.8 eV, while to achieve a red emission would only require ~1.9eV.7 This larger band gap has
increased the difficulty in developing an efficient blue emitter when compared to green or red,
both of which are commercially feasible to date. The larger band gap increases the compound’s
vulnerability to degradation via oxidation.
The energy gap difference in TADF OLEDs can be varied through what would be termed
as donor and acceptor moieties. These TADF chromophores have two main features, one of
which is electron-donating substructure, due to high electron density, and the other is electron
accepting, resulting from the presence of strong electron withdrawing groups in the structures,
that lower the electron density. Some typical donor and acceptor moieties are displayed in
Figure 4.

5

Figure 4 Typical donor and acceptor molecules for OLED fabrication.

With the appropriate choice of donors connected to acceptors through π-bonds, D-π-A,
the color can be tuned to the desired wavelength.8 The diphenyl sulfone molecule, utilizing
carbazole with tert-butyl groups, was reported to display emission in the blue region. The
molecule in Figure 5A was observed to display emission at 404 nm in toluene and 423nm when
doped with a bis[2-(diphenylphosphino)phenyl] ether oxide (DPEPO) in a film.6 With a very
similar structure as in Figure 5A, the molecule with a diphenyl ketone core and carbazole donor
units, emission was observed to display a red shift with an emission peak of 502 nm in toluene.9

A)

B)

Figure 5 Molecules designed with emission in the blue and green region

6,9

1.5 Thermally Activated Delayed Fluorescence
Thermally Activated Delayed Fluorescence (TADF) was first discovered by the Adachi
group in 2011. It utilizes singlet and triplet excitons to achieve nearly 100% IQE from
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fluorescence compared to previous fluorescent compounds demonstrating 25% IQE. The
mechanism displayed below illustrates how the utilization of reverse intersystem crossing (RISC)
from the slightly lower triplet state, to the singlet energy state, increases the fluorescence
percentage. In order for the organic layers to be TADF emitters they must have a small singlettriplet energy difference (ΔEst) to allow for the transition to take place solely from thermal
energy, ideally being around room temperature.6

Figure 6 Energy diagram of TADF process

Utilizing this process of emission, one can match the use of metal-centered
phosphorescent emitters that achieve nearly 100% internal quantum efficiency (IQE), without
the use of transition metals. TADF also can overcome the previous stability and efficiency
troubles occurring in phosphor OLEDs. 10-12 With an ideal ΔEst value less than 0.3eV, for maximum
RISC to occur, numerous donor and acceptor combinations have been utilized in order to
achieve the desired emission wavelengths.

1.6 Small molecule OLED emitters
Small molecule OLED device development has been on a constant rise for decades.
Until recent discoveries in the polymer field, small molecules have dominated the market of
OLED devices. A very commonly studied organic small molecule is tris(8-hydrocyquinolinato)
7

aluminum, or AlQ3, because of its fluorescent abilities. Previously, incorporation of AlQ3 into
OLED devices produced the most long-lived OLED devices, which was attributed to it being the
most commonly studied material. AlQ3 has been modified structurally to emit in the full RGB
spectrum also leading to its widespread use in research.13

Figure 7 AlQ3 a green small fluorescent molecule.

Even though there have been numerous publications on efficient small molecule OLED
compounds, it was not until 2011 when the first fully organic OLED capable compound was
published with efficiencies competing with those of phosphorescent emitters. This was a
significant break though by the Adachi group et al. who discovered the TADF process on the
compound, PIC-TRZ, in figure 8. The compound was specifically designed to possess a small ΔEst,
0.11eV, by utilizing an indolocarbazole donor unit and a triazine acceptor unit.14 Fluorescence
emission of this compound synthesized, was a broad peak around 500 nm, which would emit a
green color. The external quantum efficiency (EQE) of this compound was demonstrated to be
5.3%, which proved that TADF can be used to enhance EL efficiency.14

8

Figure 8 2- biphenyl-4,6-bis(12-phenylindolo[2,3-a] carbazole-11-yl)-1,3,5-triazine (PIC-TRZ) TADF molecule

With this discovery, appropriately designed fluorescent materials would now be capable
of utilizing 100% of the excitation generated as singlet and triplet states, providing a 100% IQE.
An early TADF molecule prepared by Adachi’s group exhibited an EQE of 12.5% with green
emission. Here EQE is calculated as the number of photons emitted per the number of injection
charges, which is typically under 5% for fluorescence molecules. The phenoxazine/triazine
molecule shown in Figure 9 was proven to exhibit efficient up-conversion from the T1 to S1, and
intense fluorescence that lead to the high electroluminescence efficiency.16

Figure 9 PXZ-TRZ

9

In addition to the fluorescence efficiency it was observed that the oxygen in the PXZ
molecule caused the phenoxazine system to rotate out of planarity with the phenyl rings, thus
reducing conjugation and helping to achieve separation between the HOMO and LUMO,
inducing charge transfer.17
In 2012, the compounds shown in Figure 10 were synthesized by the Adachi group, and
resulted in one of the first major break-throughs in all-organic blue electroluminescence
materials. All three compounds synthesized were reported to emit in the broad range of 402419nm, with ΔEst values ranging from 0.54 eV to 0.32 eV. The modification of molecular
structure via the various t-butyl groups attached, altered the charge transfer process leading to
subtle differences in emission wavelength.6

Figure 10 Blue emitting TADF designed small molecules

Although small-molecule, fully organic TADF-emitters have been developed, the inability
to fabricate stable devices still hinders their application. Small-molecule TADF devices are
typically fabricated by a vacuum deposition technique. This process provides a uniform thickness
of layers to create the OLED devices, but at a high cost. In addition to the high cost, most small
molecule emitters must be doped with another material to perform as desired. Doping a small
molecule into a high triplet energy host has been found to prompt reverse triplet intersystem
10

crossing and enhance TADF quantum efficiencies.10 A common high triplet energy host is bis[2(diphenylphosphino)phenyl] ether oxide, or DPEPO, which possesses a high triplet energy of
3.1eV and allows the blue chromophores to be incorporated into OLED devices.
Adachi’s blue SMOLED, utilizing the compound in figure 10, doped into DPEPO displayed
a maximum EQE similar to that of the most efficient blue phosphor. With an EQE of ~10%
compared to a typical blue fluorescent OLED of less than 3%16, the TADF molecule proves to
have a great potential for OLED applications.

1.7 Poly (arylene ether)s PAEs
Engineering thermoplastics are a group of materials that have desirable mechanical and
chemical properties. They have properties such as solubility in organic solvents, the ability to be
molded and remolded without losing material integrity, and they can be amorphous, semicrystalline or both. Some typical thermal properties of these thermoplastics are a high glass
transition temperature (Tg) and high decomposition temperatures (Td). A very common one, and
a large basis of others, is poly (arylene ether)s, or PAEs. Their structures consist of aromatic
rings connected by ether bonds, providing them with excellent mechanical properties.
1.7.2 Poly (arylene ether sulfone) PAES

Figure 11 UDEL (Union Carbide) a common Poly (arylene ether sulfone)

Poly (arylene ether sulfone), PAES, is a PAE with a sulfone in the backbone of the
polymer. Union Carbide Corp introduced the first commercial PAES (Figure 11) by the use of a
nucleophilic aromatic substitution (NAS) polycondensation reaction that is still employed today.
11

This polymer possessed a good window of temperatures where it could be applied with a
recorded Tg of 190⁰C.17
1.7.3 Poly (Arylene ether phosphine oxide) PAEPO
PAEPOs are another type of PAE that introduces a phosphine oxide group into the
backbone of the polymer. This changes some of the characteristics including increasing
oxidative stability and self-extinguishing ability when burning, due to the presence of the
phosphorus.18 The polymers can be synthesized via a NAS polymerization utilizing a weak base,
potassium carbonate, and a polar aprotic solvent such as NMP. The mechanism for NAS
reactions is displayed in Scheme 1.

Scheme 1 Meisenheimer complexes for NAS

NAS reactions typically occur when there is a good leaving group attached to an
aromatic ring with an electron withdrawing group (EWG) located ortho or para to it. As shown in
Scheme 1, some common good leaving groups are typically chlorine and fluorine, and EWG are
typically ketones or sulfones. The EWG causes the ipso carbon to lose electron density and
become more partial positive depending on the strength of the EWG. Attack of the nucleophile
occurs on the ipso carbon to the halide, forming a resonance-stabilized Meisenheimer complex.
When this complex is formed, the negative charge on the ring pushes the leaving group out, rearomatizing the ring. This step is relatively quick, making the creation of the Meisenheimer
complex the rate-determining step.
12

1.8 Electrophophorescent Polymers Synthesized Utilizing PAEPO in
Backbone
Electrophosphorescent polymers were studied utilizing PAEPOs in an attempt to
develop a polymer with efficient phosphorescence. PAEPOs are used in the backbone to
increase the triplet energy of the backbone, so that triplet excitons can be effectively
constrained on the phosphor. NAS conditions successfully polymerized the fluorinated
phosphine oxide host under mild conditions, with attachment of the Iridium complex into the
backbone. Figure 12 displays the polymer backbone that was synthesized with various feed
ratios of the phosphine oxides.20

Figure 12 Electrophosphorescent Polymers with Fluorinated TPPO as backbone

20

The analysis of the electrophosphorescence polymers synthesized displayed EQE values
as high as 9.0%, which the group attributed to the use of a fluorinated PAEPO backbone.20 The
high-performance was to its time, the most efficient blue phosphor, but still utilized the
expensive transition metal Iridium which may hinder its commercialization into OLED products.

13

1.9 TADF emitter polymer systems
Since the discovery of third generation TADF emitters, they have slowly been
incorporated into OLEDs. Until recently, very few have incorporated these small molecule TADF
emitters into polymeric materials. The major advantage to this incorporation would be in the
fabrication process of the device itself. With a TADF material placed into a polymeric material, it
then could be spin coated or ink-jet printed, which are two much lower cost processes when
compared to the typical vacuum deposited SMOLEDs. This type of material could open up a
whole new processing ability and make the organic light emitting diode much more practical for
industrial manufacturing.

19

Figure 13 TADF polymer synthesized

The polymer in Figure 13, was synthesized by a radical polymerization using styrene as a
spacer unit between pendant TADF groups. The TADF group itself was composed of a sulfone
electron acceptor group attached to a phenothiazine electron donor providing a green emission
between 535 and 556 nm. The spacer unit was proven to enhance the performance of the TADF
properties, by reducing the intramolecular and intermolecular triplet-triplet annihilation of
adjacent TADF units. Copolymers were synthesized with various feed ratios and it was
determined that there was a fine line between the ratio of styrene to TADF monomer for
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maximum efficiency. The most efficient ratio tested was in fact one with the most styrene
spacer units (63:37), that allowed the TADF unit to behave such as a chromophore with an EQE
of 20.1%.19 This was the highest reported TADF polymer synthesized as of 2016.

1.10 Previous work
Previous work in the Fossum lab began with Picker functionalizing 3,5-difluorodiphenyl
sulfone with N-heterocycles and incorporating them into PAEs. The first group of polymers
synthesized was a continuation of work by Tatli. It was determined that polymerization of 3,5
difluorodiphenyl sulfone bearing a pendant 3-iodophenyl sulfone group could be performed
without displacing the iodine.24 This provided a location for “post” functionalization of the
iodine, which was successful under Pd catalyzed conditions by Tatli,24 but unsuccessful under Cu
catalyzed conditions due to possible crosslinking of the polymer chains at the previous C-I
bond.22
Thus, a carbazole monomer was synthesized before polymerization “Pre,” utilizing a
carbazole donor group (see structure in Scheme 2 where R = Carbazole). The monomer was
incorporated into polymers with bisphenol-A and 4,4’-difluorodiphenyl sulfone. The carbazole
PAEs were excited at 336 nm and showed peak emission wavelength at 430nm in solution
phase. Films were able to be cast and the fluorescence spectrum for one of the polymers
showed broad range of emission stretching from approximately 370-600 nm and peaking at
approximately 430 nm.22
Further research into a suitable OLED material continued with Kemboi. Synthesis of
benzoxazole and benzothiazole monomers with varying donor groups was performed. A
benzoxazole carbazole, benzoxazole indole, and benzothiazole carbazole monomer were all
successfully synthesized. All monomers displayed similar emission wavelengths at about 460 nm
15

in THF. Monomers were polymerized with bis-(4-fluorophenyl)-phenyl phosphine oxide
(DFTPPO) and 4,4’-Bisphenol via typical NAS conditions. All polymers showed strong
absorptions between 290-340 nm, when measured in NMP. True blue emission with a maximum
at 451 nm was observed from the benzothiazole carbazole copolymer.23
With promising results from the 3,5 benzothiazole and benzoxazole carbazole
monomers, synthesis of a 2,4 system was performed by Slaybaugh. Positioning the fluorine’s at
the 2,4 position on the upper phenyl ring, the synthesis of the corresponding benzoxazolecarbazole monomer was performed. The monomer was found to display an emission peak at
430 nm in THF. The monomer was also polymerized with DFTPPO and DPE exhibiting a
maximum emission at 424 nm.25

1.11 Current work
The current project’s goal was to extend the range of polymerizable diphenyl sulfonebased chromophores by varying the donor group on the pendent phenyl ring, in order to
achieve pure blue emission. This can be accomplished by tailoring the structure of the
chromophore to fluoresce in the true blue region, 450 nm. While emission wavelength is key,
the molecule must also poses close triplet and singlet energies to allow for the TADF pathway to
be accessible. By utilizing a difluorinated monomer, polymerization though the fluorine atoms,
post modification, can be performed to result in a polymer material that can be incorporated
into an OLED device. Previously researched monomers consisting of a 3,5-difluorodiphenyl
sulfone (1) were incorporated into PAEs, with the C-I bond being the location of
functionalization. Three low cost N-heterocycle species were chosen as the donors to be
attached through the carbon-iodine bond to form the desired chromophores (Scheme 2). The
attached donor will create a molecule that acts as a “Push-Pull” system allowing charge transfer.
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Once synthesized, the monomers will be characterized by UV-vis spectroscopy and fluorescence
spectroscopy, followed by polymerization.

Scheme 2. Reaction of iodo monomer (1) with N-heterocycles.

Another goal was to incorporate these chromophores into an engineering polymer
matrix. The backbone components were carefully picked in order to act as a host for the OLED
device similar to doped SMOLED systems. Also incorporation into a polymer can allow for better
device performance and easier processability, which will be crucial for OLED applications. An
expectation being that, if a host material can be incorporated into the backbone of a polymer,
while a TADF emitter tuned to the desired emission wavelength is attached in a pendent
location, one could develop a solution processable, single layer TADF emitter system.
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2. Experimental
2.1 Instrumentation
1

H and 13C Nuclear Magnetic Resonance (NMR) spectra were acquired using a Bruker

AVANCE 300 MHz instrument operating at 300 and 75.5 MHz, respectively. Samples were
dissolved in CDCl3 at a concentration of (~30 mg/ 0.6mL). GC/MS analyses were performed using
a Hewlett-Packard (HP) 6890 Series GC, coupled with a HP 5973 Mass Selective
Detector/Quadropole system. Thermogravimetric analysis (TGA) and Differential Scanning
Calorimetry (DSC) were carried out on a TA Instruments TGA Q500 (under nitrogen or air) and
DSC Q200 (under nitrogen), respectively, at a heating rate of 10⁰C/min. Size Exclusion
Chromatography (SEC) analysis was performed using a system consisting of a Viscotek Model
VE3580 Refractive Index Detector and Viscotek Model 270 Dual Detector (viscometer and light
scattering). Two polymer Laboratories 5µm PL gel Mixed C columns (heated to 35⁰C) were used
with tetrahydofuran/5% (v/v) acetic acid as the eluent and a GPC max VE-2001 with pump
operating at 1.0 ml/minute. Number average molecular weights, Mn, and dispersity values were
determined with the RI signal (calibrated with polystyrene standards from Scientific Polymer
Product, INC). Fluorescence and UV-VIS data were acquired using an Agilent Cary 50 UV-VIS
Spectrometer as well as a Cary Eclipse fluorescence spectrophotometer. Melting points were
determined using a MEL-TEMP instrument and were uncorrected. Elemental analysis was
obtained from Midwest Microlabs, Inc., Indianapolis, IN.

2.2 Materials
The compounds L-proline, carbazole, copper (I) iodide (CuI), potassium carbonate, cesium
carbonate, chloroform-d (CDCl3), dimethyl sulfoxide-d6 (DMSO-d6), N-methylpyrrolidinone
(NMP), 4-methoxy Phenol, phenothiazine, indole, and DMSO were purchased from Sigma
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Aldrich. L-proline, phenothiazine, CDCl3, and DMSO-d6 were used as received. Carbazole was
recrystallized from chloroform. Copper (I) iodide was activated by washing in a Soxhlet extractor
with hot tetrahydrofuran (THF). Potassium carbonate and cesium carbonate were dried in an
oven at 130⁰C. NMP and DMSO were dried over CaH2 and distilled under nitrogen prior to use.
The catalyst tris-(dibenzyllideneacetone) dipalladium (0) was purchased from Alfa Aesar and
used as received. The compound 4, 4’ dihydroxydiphenyl ether (DPE) was purchased from TCI,
recrystallized from toluene, and dried under vacuum prior to use. The compound 4,4’
difluorotriphenylphosphine oxide (DFTPPO) was purchased from Daychem Laboratories and
used as received. Sodium bicarbonate, sodium bisulfite, isopropanol, tetrahydrofuran,
dichloromethane, toluene, ethyl acetate, and magnesium sulfate were purchased from Fisher
Chemical and used as received. The compound triphenylphosphine was purchased from Supelco
Inc. and used as received. Concentrated hydrochloric acid was purchased from BDH and used as
received. Ethanol was purchased from Decon laboratories and used as received. 3,5-difluoro-3’iododiphenyl sulfone (1) was prepared according to the literature procedure acquired from Tatli
et al.24

2.3 Synthesis of 3`-(9-carbazole) 3,5-Difluorophenylsulfone (2)
To a 25 mL Schlenk tube, equipped with a stir bar and nitrogen gas inlet, were added 1
(0.910 g, 2.39 mmol), 9H-carbazole (600 mg, 3.59) mmol, CuI (554 mg, 12 mol%), L-proline (83
mg 30 mol %), and K2CO3 (545 mg, 3.94 mmol). The tube was evacuated and backfilled with
nitrogen and then 1.64 mL of distilled DMSO was added. The resulting mixture was stirred at
90⁰C for 36 hours at which point GC/MS indicated quantitative conversion to the desired
product. The reaction mixture was diluted with approximately 50 mL ethyl acetate, washed with
5% HCl solution (2x) and saturated sodium bisulfate solution. The aqueous layers were extracted
with approximately 25 mL of ethyl acetate and the organic layers were combined, dried over
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MgSO4 and concentrated, through rotary evaporation, to afford 1.28 g of crude 2. The crude
material was recrystallized from ethyl acetate and ethanol, isolated via vacuum filtration and
triturated with ethanol for 4 h. The triturated product was vacuum filtered to obtain 438 mg
(44% yield) of 2 with a melting point of 188-190⁰C. 1H and 13C NMR correlated with previous
spectra published by Picker.22 13C NMR (CDCL3, δ): 109.2, 109.3 (t), 111.4 (dd), 120.6, 120.9,
123.8, 126.0, 126.1, 126.4, 131.3, 132.0, 139.3, 140.1, 142.4, 144.5 (t), 163.0 (dd).

2.4 Synthesis of 3`-(9-phenothiazine) 3,5-Difluorophenylsulfone (3)
The reaction was first attempted under the same conditions as chromophore 2. The use
of CuI lead to a significant amount of deiodinated 1 and the reaction time was very lengthy. A
different procedure was attempted and is stated below.
To a 50 mL Schlenk tube, equipped with a stir bar, were added 1 (348mg, 0.916 mmol),
phenothiazine (191 mg, 0.962 mmol), Pd2(Dba)3 (16 mg, 2 mol%), Triphenylphosphine (24 mg,
10 mol %), and Cs2CO3 (447 mg, 1.69 mmol). The tube was evacuated and backfilled with
nitrogen and then 9.2 mL of anhydrous Toluene was added. The resulting mixture was stirred at
90⁰C for 40 hours at which point GC/MS indicated 98.8% conversion to the desired product (3).
The reaction mixture was diluted with 50 mL toluene, washed with water (100mL), brine
solution, dried over MgSO4 and concentrated. The resulting product was recrystallized from
EtOH to afford 265mg (64%) of 3 with a melting point of 148-150⁰C. Elemental Analysis:
Calculated: C-63.84%; H-3.35%; Found: C-63.46%; H-3.48%. 1H NMR (CDCL3, δ): 6.66 (dd, 2H),
7.08 (m, 5H), 7.27 (dd, 2H), 7.44 (m, 3H), 7.60 (t, 1H), 7.80 (m, 2H). 13C NMR (CDCL3, δ): 109.0 (t),
111.3 (dd), 120.9, 123.1, 123.9, 124.7, 127.1, 127.2, 128.0, 129.4, 131.2, 142.2, 142.4, 144.67,
144.73 (t), 162.9 (dd).
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2.5 Synthesis of 3`-(9-indole) 3,5-Difluorophenylsulfone (4)
To a 25 mL Schlenk tube, equipped with a stir bar, were added 1 (533 mg, 1.40 mmol),
Indole (246 mg, 2.1 mmol), CuI (27 mg, 10 mol%), L-proline( 48 mg, 30 mol%), and K2CO3 (319
mg, 2.3 mmol). The tube was evacuated and backfilled with nitrogen and then 1.1 mL of DMSO
was added. The resulting mixture was stirred at 90⁰C for 40 hours at which point GC/MS
indicated quantitative conversion to desired product. The reaction was precipitated from water,
dissolved in DCM (100 mL) and washed with Brine solution and 5% HCl solution. The organic
layer was dried over MgSO4 and evaporated to afford 431 mg of crude product. Compound 4
was recrystallized from Acetone/Hexane followed by trituration in 50:50 Isopropanol/water
overnight. Vacuum filtration afforded 271mg (52%) of 4 with a melting point of 144-148⁰C.1H
NMR (CDCL3, δ): 6.77 (dd, 1H), 7.07 (tt, 1H), 7.31 (m, 5H), 7.36 (d), 7.55 (m, 4H), 7.72 (m, 4H),
7.92 (dt, 1H), 8.10 (t, 1H).
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C NMR (CDCL3, δ): 105.3, 109.3 (t), 109.9, 111.4 (dd), 121.2, 121.6,

122.9, 123.2, 125.2, 127.3, 129.0, 129.7, 131.1, 135.4, 141.2, 142.0, 144.4 (t), 163.1 (dd).

2.6 Reaction of DFTPPO (5) and 4-methoxy phenol
To a 5mL RBF, equipped with a stir bar, condenser, and nitrogen gas inlet were added 5
(200mg, 0.64mmol), 4-methoxyphenol (158 mg, 1.27 mmol), K2CO3 (264 mg, 1.91mmol), and
NMP (1.98mL). The resulting mixture was reacted at 150⁰C for 22 hours at which point a 0.1 mL
aliquot was removed for 13C NMR analysis. The results showed a mixture of mono-substitution
(8a) and di-substitution (8b). After 62 hours, a second 13C NMR analysis showed quantitative
conversion to di-substituted product (8b).
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2.7 Synthesis of 4,4’ Difluoro Triphenylphosphine oxide (5) and 4,4’Dihydroxydiphenyl Ether Based (7) Homopolymer 9
To a 10mL RBF, equipped with a stir bar, nitrogen gas inlet, and condenser were placed
DPE (192 mg, 0.953 mmol), DFTPPO (300 mg, 1.04 mmol), K2CO3 (436 mg, 3.12 mmol), and NMP
(1.62 mL). The resulting mixture was stirred at 150⁰C for 60 hrs, at which point an aliquot was
removed for DEPT 90 13C NMR spectroscopic analysis showing complete substitution of the
fluorine groups. The mixture was diluted with THF (5mL) and precipitated from 400 mL of
vigorously stirred DI water. The resulting solid was isolated via vacuum filtration and dissolved in
a minimal amount of 5% acetic acid/THF solution (2mL), precipitated from ~300 mL of EtOH,
filtered and dried to afford 210 mg (70%) of 9. 1H NMR (CDCL3, δ): 7.01 (d), 7.04, 7.36, 7.47 (m),
7.52 (d), 7.55 (d), 7.58, 7.61 (d), 7.65, 7.67, 7.69 (d), 7.71. 13C NMR (CDCL3, δ): 117.2 (d), 120.1,
121.7, 126.0 (d), 128.5 (d), 131.7 (d), 132.0, 132.7 (d), 134.1 (d), 150.8, 154.0, 161.4.

2.8 General Procedure for DPS-CBZ copolymers, 10a-10c
The procedure for polymer 10b (15% DPS-CBZ) is stated below.
To a 10mL RBF, equipped with a stir bar, condenser, and nitrogen gas inlet were added 2
(51 mg, 0.122 mmol), 5 (217 mg, 0.691 mmol), 7 (164 mg, 0.813 mmol), K2CO3 (337 mg, 2.44
mmol), and NMP (1.3 mL). The resulting mixture was stirred at 150⁰C for 62 hrs, at which point it
was cooled to room temperature, and added drop-wise to 800 mL of vigorously stirred DI water.
The precipitate was isolated via filtration and re-precipitated by dissolving in 5% acetic acid/THF
solution (3mL) and addind drop-wise into 500mL of EtOH. The resulting solid was filtered,
followed by air-drying on the filter paper and afterwards in a drying pistol to afford 303 mg (76%
yield) of 10b.
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The following two copolymers 10a (10% DPS-CBZ) and 10c (20% DPS-CBZ) were
synthesized using the same method, only with different ratios of reactants. The 13C NMR spectra
showed similar spectra but with different intensities. 1H NMR (CDCL3, δ): 6.79, 7.04 (b), 7.24,
7.35 (b), 7.48 (b), 7.62 (b), 7.96 (d), 8.12 (m). 13C NMR (CDCL3, δ): 109.2, 110.3, 111.4, 117.2 (d),
120.1, 120.6, 120.8, 121.7, 123.7, 125.9, 126.0, 126.1 (d), 126.3, 128.5 (d), 131.1, 131.6, 131.97,
131.975 (d), 132.7 (d), 134.1 (d), 139.0, 140.1, 143.1, 143.6, 150.8 (t), 153.9 (t), 160.2, 161.3.

2.9 General Procedure for DPS-PTZ copolymers, 11a-11c
The procedure for polymer 11b (15% DPS-PTZ) is stated below.
To a 10mL RBF, equipped with a stir bar, condenser, and nitrogen gas inlet was added 3
(54.4 mg, 0.121 mmol), 5 (215 mg, 0.684 mmol), 7 (163 mg, 0.805 mmol), K2CO3 (334 mg, 2.41
mmol), and NMP (1.25 mL). The resulting mixture was stirred at 150⁰C for 60 hrs, at which point
it was cooled to room temperature, and then added drop-wise to 800 mL of DI water. The
precipitate was isolated via filtration and re-precipitated by dissolving in 5% acetic acid/THF
solution (3mL) and added drop-wise into 500mL of EtOH. The resulting precipitant was filtered
followed by air-drying on the filter paper and afterwards in a drying pistol until constant mass to
afford 295 mg (74% yield) of 11b.
The following two copolymers 11a (10% DPS-PTZ) and 11c (20% DPS-PTZ) were
synthesized using the same method, only with different ratios of reactants. The 13C NMR spectra
showed similar spectra but with different intensities. 1H NMR (CDCL3, δ): 6.46 (d), 6.78, 7.04 (m),
7.17 (m), 7.47 (d), 7.61 (m), 7.78 (b).
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C NMR (CDCL3, δ): 110.2, 111.4, 117.2 (d), 119.6, 120.1,

121.7, 124.9, 126.0 (d), 127.1, 127.7, 128.5 (d), 131.1, 131.2, 131.90 (d), 131.95 (d), 132.7 (d),
134.1 (d), 142.7, 143.3, 143.77, 143.82, 150.8 (t), 153.9 (t), 160.1, 161.4.
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2.10 Synthesis of DPS-IND copolymer, 12a
To a 25 mL Schleck tube, equipped with a stir bar, condenser, and nitrogen gas inlet was
added 4 (32 mg, 0.087 mmol), 5 (245 mg, 0.780mmol), 7 (175 mg, 0.867 mmol), K2CO3 (359 mg,
2.6 mmol), and NMP (1.35 mL). The resulting mixture was stirred at 150⁰C for 60 hrs and then
added drop-wise to 800 mL of DI water. The precipitant was isolated via filtration and reprecipitated by dissolving in 5% acetic acid/THF solution (5mL) and added drop-wise into 500mL
of EtOH. The resulting precipitant was filtered followed by drying in a drying pistol until constant
mass to afforded 210 mg (50% yield). 1H NMR (CDCL3, δ): 7.15 (b), 7.4 (m), 7.6 (b), 8.0 (s).
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3. Results and Discussion
3.1 Synthesis of 3`-(9-carbazole) 3,5-Difluorophenylsulfone (2)

Scheme 3. Synthesis of 3'-(9-carbozole) 3,5 Difluorodiphenylsulfone 2.

The synthesis of carbazole monomer 2 was carried out by a copper catalyzed Goldberg
reaction under reaction conditions established by Picker.22 L-proline acted as the ligand,
potassium carbonate as a base and DMSO facilitated the reaction at 90⁰C for 36 hours at which
point GC/MS ([M+ ] m/z=419) of an aliquot showed conversion to the desired product. The
workup was performed by washing with 5% HCl solution, followed by recrystallization from
ethanol/ethyl acetate. Trituration of the resulting solid with ethanol for 4 hours resulted in
438mg (44%) of compound 2. A sharp melting point was determined at 190-191⁰C and the
structure was confirmed with the 13C NMR spectrum in figure 10.
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Figure 14. 75.5 MHz C NMR spectrum of 2.

The 75.5 MHz 13C (CDCl3) spectrum of 2 shows 16 unique carbon peaks. The carbon
assigned to m, at 109.2 ppm, is a triplet due to the coupling of the two fluorine atoms ortho to
m still intact after the reaction. The addition of the carbazole compound added peaks w, x, y, z,
aa, and bb while there is an absence of the carbon-iodine bond, previously observed at ~95
ppm.

3.2 Synthesis of 3`-(9-phenothiazine) 3,5-Difluorophenylsulfone (3)

Scheme 4. Synthesis of 3'-(9-phenothiazine) 3,5 Difluorodiphenylsulfone (3)

The phenothiazine monomer, 3, was prepared via a palladium catalyzed C-N coupling
amination.21 Cesium carbonate was used as the base in the amination reaction due to its higher
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efficiency than K2CO3 and triphenylphosphine was found to be a sufficient ligand. After reaction
at 90⁰C for 40 hours analysis of an aliquot by GC/MS ([M+] m/z=451) showed 98.8% conversion
to the desired product. The reaction was worked up followed by recrystallization from EtOH.
The product is slightly soluble in EtOH, but residual PTZ and DFDPS were completely soluble. A
melting point of 148-150⁰C was determined and the structure was confirmed by the 13C NMR

spectrum as displayed in Figure 15.

13

Figure 15. 75.5 MHz C NMR spectrum of 3.

From the 75.5 MHz 13C (CDCl3) spectrum of 3, it can be determined that the addition of
the phenothiazine moiety was successful. The addition of the 6 carbon peaks corresponding to
w, x, y, z, aa, and bb all were present in the compound 3. The splitting for the carbons on the
top of the aromatic ring can be observed due to the presence of the carbon-fluorine coupling.
This causes m to appear as a triplet, n as a doublet of doublets, carbons o as a doublet of
doublets and p as a triplet. All other carbons in the spectrum appear as singlets.
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3.3 Synthesis of 3`-(9-indole) 3,5-Difluorophenylsulfone (4)

Scheme 5. Synthesis of 3`-(9-indole) 3,5-Difluorophenylsulfone (4)

The synthesis of indole monomer 4 was also carried out by a copper catalyzed Goldberg
reaction with similar reaction conditions developed by Picker.22 L-proline acted as the ligand,
potassium carbonate as a base and DMSO facilitated the reaction at 90⁰C for 36 hours at which
point GC/MS ([M+] m/z=369) of an aliquot showed conversion to the desired product. The
workup was performed by washing with 5% HCl solution, to remove excess copper catalyst,
brine solution, and then 2x Di water, to remove any unreacted indole. Recrystallization from
acetone/hexane occurred to further purify compound 4 from de-iodinated starting material and
di-substituted DPS-IND. Vacuum filtration afforded 271mg (52%) of 97% pure compound 4. The
structure was confirmed with the 13C NMR spectrum in Figure 16.
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Figure 16 75.5 MHz C NMR spectrum of compound 4.
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The 13C NMR displays 18 unique signals corresponding to compound 4. With the
addition of indole, 8 additional unique carbons w, x, y, z, aa, bb, cc, and dd, are visible in the
spectra. Without the symmetry of the second phenyl ring attach in compound 2, peaks from cc
and dd are farther upfield.

3.4 UV-Vis and fluorescence spectroscopy of chromophores 2-4
Monomer absorption and emission spectra were acquired in THF solution at various
micromolar concentrations. The DPS-CBZ (2) and DPS-IND (4) monomers were analyzed at a 20
micromolar concentration and the DPS-PTZ (3) compound was analyzed at 50 µM concentration
to increase intensity.
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Figure 17 UV-VIS of compound 2, 3, and 4 all in THF
The UV-VIS spectra of the three compounds show distinct, but broad absorption
wavelengths. DPS-CBZ absorbs at 3 distinct wavelengths 292, 323, and 336 nm. DPS-IND has a
slightly less distinct spectrum, but does show one clear absorbance at 300 nm. The DPS-PTZ
compound showed the least distinct spectrum with more of a broad absorbance over a range of
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290-340 nm. Excitation wavelengths used for compounds 2-4 were determined to be at 292nm
where all three chromophores absorbed in the UV region.

Figure 18 Solution phase emission spectra of 2, 3, and 4 excited at 292nm.

From Figure 18 it can be observed that the each monomer had a broad emission
wavelength in the visible region of the electromagnetic spectrum. Chromophores 2 and 4 show
an indigo-shift from a true blue emission wavelength of 452nm. Emission of compound 2 being
the closest with an emission peak centered around 440nm, 4 shifting slightly farther to
approximately 430nm and 3 being red shifted with a maximum emission around 472 nm.
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3.5 Synthesis of DFTPPO model (8) to determine conditions for the
synthesis of TPPO Homopolymer (9)

Scheme 6 Synthesis of model reaction 8 (a-b) and polymer 9.

In order to determine the optimum conditions for copolymerization reactions of the
chromophores with 4,4’-dihydroxydiphenyl ether and 4,4’-difluorotriphenylphosphine oxide
(DFTPPO) a series of model reactions were carried out. The syntheses of mono and disubstituted TPPO analogues, 8a and 8b, respectively, were performed with 4-methoxy phenol
and the kinetics of the DFTPPO substitution reactions were monitored by a combination of
GC/MS and DEPT 90 13C NMR spectroscopy. After 21 hours at 150⁰C, with two equivalents of 4methoxyphenol, a DEPT-90 NMR spectrum indicated 90 % conversion of 5 to mono-substituted
8a, with similar results being determined via GC/MS analysis. The reaction was then allowed to
run 62 total hours at 150⁰C at which point complete conversion to 8b was observed via the
DEPT 90 13C NMR spectrum as displayed in Figure 19. It is clear that the doublet of doublets
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present due to carbon-fluorine coupling completely converts to a doublet after all fluorine’s
have been displaced.
Preparation of the homopolymer was done by reacting bis-(4-fluorophenyl)phosphine

oxide (5) and 4,4’ dihydroxydiphenyl ether (7). The polymer was synthesized through a
typical NAS reaction at a temperature of 150⁰C for 60 hours resulting in a polymer that was
soluble in common organic solvents including CHCl3, THF and NMP. A DEPT-90 13C NMR
spectrum (Figure 19), indicated that the previous coupling, on the carbons labeled f in the
spectra, is no longer present and it is displayed as a doublet. This result shows that there
was essentially quantitative displacement of the fluorine atoms, which should afford a
relatively high molecular weight material.
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Figure 19. 75.5 MHz Dept-90 C NMR spectrum of DFTPPO (5), model after 21 hours (8a), model after 62 hours (8b),
and homopolymer (9).
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3.6 Polymerization of Monomers 10a-c, 11a-c, and 12a
Copolymers 10a-10c, 11a-11c, and 12a were synthesized via typical NAS
polycondensation reactions (Scheme 7). K2CO3 was used to deprotonate the 4,4’-dihydroxy
diphenyl ether, while the polar aprotic solvent NMP was used as the high boiling, polar solvent
for the reaction.

Scheme 7. Synthesis of copolymers 10a-c, 11a-c, and 12a.

The synthesis of copolymers 10a-c was successfully performed varying the percentage
of monomer 2 with bis-(4-fluorophenyl)phenylphosphine oxide and 4,4’-dihydroxydiphenyl
ether. As can be viewed in Figure 20 the signals for the carbons on the top aromatic ring of
compound 2, m,n,o, and p have collapsed into singlets due to the substitution of fluorine. When
the monomer was added in varying percentages, the intensity of the corresponding peaks from
the chromophore varied accordingly.
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Figure 20. 75.5 MHz C (CDCl3) NMR spectrum of Copolymer 10c.

The 300 MHz 1H spectra of 10a-c show the incorporation of 2 into the polymer
containing 5 and 7. The relevant integration values are summarized in Table 1, as are the
calculated percentages of incorporation of 2 into the polymer.

1

Figure 21 300MHz H (CDCl3) NMR spectra of 10a-c, * is residual CHCl3
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In order to determine the percentage of chromophore incorporated into the backbone
of the polymer, integration of protons arising specifically from compound 2 was performed.
Equation 1 below determines the amount of protons that should be in the spectrum if the
desired incorporation was achieved. Homopolymer 9 has 21 protons in the backbone and was
the basis of the calculation, where incorporation of 2 would introduce more protons depending
on the ratio of desired incorporation. The area of the spectrum being integrated against varies
depending on the incorporation of the chromophore into the polymer.
𝐵𝑎𝑐𝑘𝑏𝑜𝑛𝑒 1.𝐻 + [(𝑑𝑖𝑠𝑖𝑟𝑒𝑑 %) ∗ 1.𝐻 𝑓𝑟𝑜𝑚 𝟐] = 𝑇𝑜𝑡𝑎𝑙 1.𝐻 𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑

(1)

21 + (0.1 ∗ 11) = 22.1
With the total protons calculated, protons assigned to Y and AA, can be independently
integrated due to where they show up, the farthest downfield. The integrated value can then be
compared to the theoretical value as determined, from equation 2.
1
.𝐻

𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑡𝑒𝑑 ∗ 𝑑𝑒𝑠𝑖𝑟𝑒𝑑 % = 𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑 𝑖𝑛𝑐𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛

(2)

4 ∗ 0.1 = 0.400

Table 1 Incorporation of monomer 2 into copolymers 10a-c.

Monomer
incorporation desired
10a (10%)
10b (15%)
10c (20%)

Total 1H
calculated
22.1
22.7
23.2

Calculated 1H to
be incorporated
0.400
0.600
0.800

Experimental 1H
integrated
0.385
0.648
0.883

Percent
Incorporated
9.6%
16.2%
22.1%

The protons in the spectra that were integrated were assigned in Figure 20 as the
protons pertaining to AA and Y on the carbazole. The calculated percent of incorporation, 9.6,
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16.2, and 22.1 were all close to the desired value. All the polymers displayed very reasonable
incorporation percentages, following their expected trend.
Polymers 11a-c were synthesized in the same fashion as the carbazole polymers, using
K2CO3 as the base and NMP to facilitate the reaction. After 60 hours the reactions mixtures were
precipitated from vigorously stirred DI water and the resulting solids were collected via vacuum
filtration. The polymers were then re-dissolved in 5% acetic THF and precipitated from EtOH.
The final solids were then dried to constant mass in a drying pistol.
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Figure 22. 75.5 MHz C (CDCl3) NMR spectrum of Copolymer 11c.

The red arrows in Figure 22, display the addition of monomer 3. The reaction was
observed to be finished when the triplet of carbon m and the doublet of doublets of carbon f
were collapsed into a singlet and doublet in a 13C NMR spectrum. As the incorporation of
monomer 3 was increased, the intensities of the peaks increased accordingly.
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1

Figure 23 300MHz H (CDCl3) NMR spectra of 11a-c, * is residual CHCl3.

The 300 MHz 1H spectra of 11a-c show the incorporation of 3 into the polymer
containing 5 and 6. The percentage of incorporation was calculated using equation 1 again, only
this time integrating against protons x, assigned in compound 3. The specific peaks arising the
most upfield, around 6.4 ppm, can be observed to increase as more of compound 3 is
incorporated.
Table 2 Incorporation of monomer 3 into copolymers 11a-c.

Monomer

Total 1H

Calculated 1H to

Experimental 1H

Percent

incorporation desired

calculated

be incorporated

integrated

Incorporated

11a (10%)

22.3

0.200

0.228

11.4%

11b (15%)

23.0

0.300

0.272

13.6%

11c (20%)

23.6

0.400

0.334

16.7%

As can be seen in Table 2 the incorporation of compound 3 was successfully done with
ratios of 9.1, 11.8, and 16.5 percent. These percentages did rise as would be expected but did
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not fully incorporate as stoichiometry may have implied. This could have been due to cyclization
of the polymer chain or the reaction flask not uniformly condensing the volatile solvent in the
reaction mixture.
3.6.3 Synthesis of polymer 12a
Polymer 12a was the final polymer synthesized via a NAS reaction, but did utilize a slight
glassware variation. A Schlenk tube was utilized in the place of a round bottom flask, with the
intent to increase head space during the reaction and increase condensation of the solvent. It
was implied that the chromophore may stay in the vapor phase during polymerization, causing it
not to fully incorporate. As can be viewed in Figure 24, the spectrum appears to have 4
incorporated.

1

Figure 24 300MHz H (CDCl3) NMR of 12a, * is residual CHCl3.

The polymers synthesized underwent thermal analysis including Differential Scanning
Calorimetry (DSC) and Thermogravimetric Analysis (TGA) as well as Size Exclusion
Chromatography (SEC). Table 3 displays the data collected from these analyses.
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Table 3 SEC traces, Glass transition temperatures, and 5% degradation temperatures under nitrogen atmospheres for
polymers 9, 10a-c, 11a-c, 12a.

Polymer

Mn (g/mol)

Td-5%⁰C

Tg⁰C

9

11,775

524

187

10a

13,868

508

191

10b

6,315

400

188

10c

8,230

376

184

11a

10,931

489

185

11b

14,262

472

181

11c

7,359

428

182

12a

3,810

436

194

An overlay of the SEC traces for polymers 9 and 11a-c is displayed in Figure 25. From the
traces observed, along with the other polymers synthesized, the Mn values were determined. All
polymers synthesized displayed relatively similar traces with the removal of cyclic species
through a reprecipitation from methanol.
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Figure 25 SEC traces of the polymers 9 and 11(a-c).

TGA Thermograms and DSC traces of polymers 9, and 10a-c can be viewed in Figure 26.
Polymer 9 showed the highest Td 5% at 524⁰C under a nitrogen atmosphere, with a decrease in
degradation temperature as the percentage of 2 was increased. As more chromophore was
introduced, the lower stability of the DPS-CBZ caused the overall stability of polymer to
decrease. Figure 26b displays an overlay of the DSC traces of polymers 9 and 10a-c. All glass
transition temperatures are within a range of 7⁰C with the highest being when 10% of monomer
2 was introduced, leading to a slight increase in the backbone rigidity. No other DSC thermal
transitions were observed at temperatures up to 300⁰C, indicating that the polymers were all
completely amorphous.
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A)

B)

Figure 26. Overlay of the a) TGA and b) DSC traces of Copolymers 10a-10c.

Polymers 11a-c thermal analyses can be observed in Figure 27 a-b. The TGA traces in A,
were performed under nitrogen atmosphere and show that with the addition of DPS-PTZ the
decomposition temperature decreases, but not nearly to the extent observed for the polymers
10a-c. It is worth noting that even as Td decreases, temperatures above 375⁰C are sufficient for
the application in an OLED device. All the glass transition temperatures for polymers 11a-c were
close exhibiting a range of only 4⁰C. The Tg was the only thermal transition observed which
would indicate that the polymers completely amorphous.

A)

B)

Figure 27 Overlay of TGA and DSC traces of polymers 11a-11c.

Polymer 12a was the final polymer to be thermally characterized. It displayed relatively similar
trends as the previous polymer with a Td5% under a nitrogen atmosphere, of 436⁰C, which is
slightly lower than that of polymer 10a. This may have been due to the fact that the structure of
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compound 4, lacks stability when compare to compound 2 and 3. The DSC trace for polymer
12a, as shown in Figure 28b, displayed a glass transition temperature close to that of the
previous polymers and was also completely amorphous.

A)

B)

Figure 28 Overlay of TGA (A) and DSC (B) traces of polymer 9 and 12a.

3.8 Absorption and Emission of polymers
Copolymers 10a-c, 11a-c and 12a all showed strong and weak absorptions in their
UV/Vis absorption spectra. Copolymers 10(a-c) and 12a were all analyzed at a concentration of
20µM and 11(a-c) at 50µM in THF solution. Figure 29a displays the absorption of the carbazole
based copolymers which all have a distinct shoulder at 292nm with the absorbance increasing as
the percent of incorporation of 2 increases. Figure 29b shows the phenothiazine based
copolymers absorbance data, which follows the same trend as the carbazole, increasing the
absorbance as the percentage of incorporation of 3 was increased.
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A)

B)

Figure 29 UV-Vis spectra of Copolymers 10a-c and 11a-c.

The copolymers were excited in a Cary Eclipse fluorescence spectrophotometer at
multiple wavelengths determined from their specific absorbances in the UV spectra. Copolymers
10a-c were excited at 292, 323, and 336 nm as displayed in Figure 30a. It can be clearly
interpreted that at the excitation wavelength of 292 nm, the emission spectra for 10c is the
most intense. All polymers displayed a broad emission peaking around 430 nm slightly indigo
shifted with an increase in intensity as chromophore incorporation was increased. It is notable
that the polymers displayed higher emission intensities than the pure chromophore, when one
accounts for the concentration decrease when incorporating them into the polymer. This result
suggests that the host material, DFTPPO comonomer, is helping to prevent reverse triplet
energy transfer and self-quenching, while potentially enhancing TADF quantum efficiencies.
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A)

B)

Figure 30 A: Fluorescence of copolymer 10 c excited at 292, 323, and 336 nm: and B: Fluorescence data of 10a-c with
10, 15, and 20% chromophore, excited at 292 nm.

Fluorescence emission for polymers 11a-c was considerably weaker than those of 10a-c,
even with a higher molar concentration in solution phase. The chromophore itself displayed a
red shift compared to compound 2, displaying an emission wavelength of about 475 nm. The
copolymers showed the largest emission intensity when excited at 292 nm, similar to
copolymers 10a-c.

A)

B)

Figure 31 A: A: Fluorescence of copolymer 11 c excited at 292, 300, and 330 nm: and B: Fluorescence data of 11a-c
with 10, 15, and 20% chromophore, excited at 292 nm.

Fluorescence of compound 4 and copolymer 12a are displayed in figure 32. The chromophore
itself showed strong emission intensity at 428 nm, but when incorporating into the copolymer,
the emission spectrum was red shifted to a peak maximum of 450 nm.
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Figure 32 Fluorescence data for compound 4 and polymer 12a excited at 292, 300, and 330 nm.

Films of polymers 10a-c, 11a-c and 12a were also cast on a teflon slide from 5% acetic
acid/THF solution. All films, with the exception of 10c, displayed good mechanical properties
with the ability to be folded and creased. Emission spectra of the polymer films tended to be
indigo shifted in film phase compared to the solution phase in THF. While concentration was
kept similar for films, thickness varied. It was difficult to cast a uniform thickness of film
consistently, which directly led to varied intensity of emission. Copolymers 10a-c showed the
most distinct peaks at 406 nm while 12a was found to be very broad over the 380 nm to 550
nm.
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Figure 33 Emission spectra for all copolymers cast as films.

The films were also observed by the naked eye when excited by a TLC lamp (365 nm) in
lab. Figure 34 shows the copolymers’ emission when excited at 365 nm. All copolymers appear
to have a blue emission with intensities depending on film thickness.
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Figure 34 Copolymer films under TLC lamp.
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4. Conclusion
The syntheses of chromophores 2, 3, and 4 were successfully carried out. The CBZ (2)
and IND (4) chromophores were both synthesized via a copper (I) catalyzed amination reaction
and the PTZ (3) based chromophore was carried out via a pallidum catalyzed amination. The
structures of the desired compounds were confirmed using NMR spectroscopy. The
chromophores showed strong absorptions at wavelengths between 290 nm and 340 nm. The
fluorescence spectroscopy in THF showed emissions at about 443nm for 2, 475 nm for 3, and
428 nm for 4.
The monomers were successfully copolymerized with bis-(4-fluorophenyl)phenyl
phosphine oxide and 4, 4’ dihydroxydiphenyl ether via typical NAS reactions. The polymers
possessed solubility in NMP, 5% acetic acid/THF solution, and CHCl3. All polymers, with the
exception of 10c, formed good flexible films when cast on teflon slides. The polymers showed
good thermal properties with 5% weight loss temperatures above 375⁰C and glass transition
temperatures above 180⁰C. Copolymer 12a showed the highest glass transition temperature,
194⁰C, possibly due to stronger dipole-dipole interactions with the indole moieties, which would
decrease the backbone flexibility. Polymer 9 displayed the highest thermal decomposition
temperature of 524⁰C, most likely due to lack of any pendent chromophore moieties.
In solution all copolymers showed strong and weak absorptions between 292 nm and
340 nm. Fluorescence spectra displayed discrete, but broad emission peaks at 430 nm for 10a-c,
435 nm for 11a-c, and 450 nm for 12a.
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5. Future work
Current studies have concluded that diphenyl sulfone is a sufficient acceptor that is
easily synthesized into chromophores. The incorporation of the 3,5 difluoro systems, via NAS
polycondendations, provide polymers with sufficient molecular weights to allow for films to be
cast. The scope of polymerizing chromophores as pendent groups into the backbone of
polymers should be studied as well as placing the TADF emitter into the backbone directly. With
pre-functionalization, a readily accessible pendent group is not required, therefore, research on
TADF emitters that are incorporated directly into the backbone of the polymer may result in
interesting discoveries. Donor groups, attached through carbon-nitrogen coupling, is an
extremely vast category and can be continued to be utilized to tune emission characteristics.
Incorporating some of the polymers synthesized into a device would greatly strengthen the
knowledge of how these materials perform and how to optimize the process.
Monomer synthesis and purification for compound 4 could be optimized. It displayed
promising fluorescence when incorporated into a copolymer. A higher percentage of
incorporation may lead to some promising results for a polymer OLED layer.
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Appendix
The figure below displays an overlay of the SEC traces of newly acquired blank, along
with one after filtering the blank solution through a 50 micron SEC filter. It was observed while
performing the SEC analysis of the polymers synthesized in this thesis, that the samples were
becoming contaminated during preparation of the aliquots. What had previously been assumed
to be cyclic species at the tail of the polymer peak, was determined to be an unknown
compound that was being introduced though the filtering process. To reduce this observation
during sampling, the filters were subjected to multiple rinse cycles with the SEC solution into a
waste container. This appeared to diminish the peaks resulting from the filtering process.

Figure 35. SEC analysis to determine the source of contamination.
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